This study was directed to the ability of oxygen free radicals to cause reversible vascular endothelial cell dysfunction. A well-characterized system for the production of the superoxide anion radical (O^~-) and hydrogen peroxide (H2O2), employing xanthine and xanthine oxidase, was used to sublethally injure human umbilical vein endothelial (HUVE) cells in vitro. We examined the effects of a 15-minute incubation of HUVE cells with xanthine (50 fiM) and xanthine oxidase (2.5-100 munits) on platelet adherence and prostacyclin (PGI 2 ) release. All experiments were conducted in a serum-free N- 
activate enzymes, cause chromosomal alterations, and break DNA. 12 Endothelial cells are targets for free-radical reactions in a number of pathophysiological states, which include inflammation as well as ischemia/reperfusion injury to a variety of tissues and organs. 34 However, the precise mechanisms by which reactive oxygen species alter cell function, affect gene expression, and initiate pathological processes are yet unresolved.
Endothelial cells form a nonthrombogenic, continuous monolayer surface that lines the lumen of blood vessels, and, as such, they establish a cellular interface between the circulating blood and its components. The nonthrombogenic properties of the endothelium constitute a dynamic component in the hemostatic mechanism. Alterations in function relating to this endothelial cell property can result in vascular diseases such as thrombosis. 56 The endothelium maintains blood fluidity though the sequestration and/or secretion of a variety of factors, among which is prostacyclin (PGI 2 ), a recognized inhibitor of platelet aggregation and platelet adherence to cells of the vascular cell wall.
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endothelial cells is required for the maintenance of hemostasis.
Experiments here have focused on the ability of oxygen free radicals to injure and/or alter selected nonthrombogenic functions of human vascular endothelial cells in vitro. Our intent was to 1) develop and characterize a sublethal injury model resulting from exposure of endothelium to an oxidant-generating system using established morphological and biochemical technology; 2) examine its effects on platelet adherence to and PGI 2 release from intact endothelium; and 3) evaluate the effectiveness of antioxidant scavenger enzymes in the prevention of endothelial cell injury/restoration of normal function.
Methods

Cell Culture
Primary cultures of endothelial cells were isolated from human umbilical veins (HUVE) according to a modification of the methods of Jaffe et al 10 and Gimbrone et al 11 and were used in all experiments. Cultures were identified as endothelial after the following criteria were met: Cells exhibited a cobblestone morphology and became contact inhibited on reaching confluency, and a minimum of 95% of the cells stained positively for anti-human factor VIII/ von Willebrand factor antigen using indirect immunofluorescence. Cells were grown to confluency using routine culture conditions in modified medium M-199 supplemented with 15% fetal bovine serum, 200 mM L-glutamine, and 100 uglvcA neomycin. All assays were conducted in 12-well tissue culture plates. Endothelial cells were seeded at a density of 3.5-4.0X10 5 cells/well in 1 ml serum-containing medium. Before exposure to oxidants, medium was removed, monolayers were rinsed, and cells were treated in a serum-free incubation medium.
Experimental Protocol
Xanthine and xanthine oxidase, a widely used and well-characterized generating system for the production of C v and/or H 2 O 2 , were used to generate oxygen free radicals.
12
- 13 The medium was removed from the cells, and monolayers were washed twice with Hank's balanced salt solution (GIBCO, Grand Island, N.Y.). Xanthine (50 /JLM, Sigma Chemical Co., St. Louis, Mo.) and xanthine oxidase (50-100 munits) (Calbiochem, La Jolla, Calif.) then were added to experimental cultures for 15 minutes in Af-2(hydroxyethyl)piperazine-A^'-(2-ethanesulfonic acid) (HEPES)-Tyrode buffer alone. Control cells received only HEPES-Tyrode buffer, pH 7.4. After treatment, the cell incubation buffer system was collected and assayed for 6-keto-prostaglandin F la (PGF lo ), the stable end product of PGI 2 , by a competitive radioimmunoassay (RIA). Human chromium-51-labeled platelet adherence assays were performed on washed endothelial cell monolayers. The sublethal effects of xanthine and xanthine oxidase with respect to control cultures were determined by morphological observations using light microscopy, viability studies consisting of Trypan Blue dye exclusion, and the retention of fluorescein diacetate. The release of 51 Cr and lactate dehydrogenase (LDH) into the medium was quantified. To test the effectiveness of antioxidant scavengers, 200 /ig/tal superoxide dismutase (SOD), 50 jig/ml catalase, and 300 /xg/ml bovine serum albumin (BSA) were also evaluated as to their protective abilities.
Preparation of the Xanthine and Xanthine Oxidase Generating System
In our experiments, a fixed concentration of 50 ^M xanthine in HEPES-Tyrode buffer, pH 7.4, was used as the substrate. Xanthine oxidase concentrations ranged from 2.5 to 150 milliunits (mU). Xanthine oxidase from bovine milk was dialyzed overnight at 4°C against 10 mM sodium phosphate buffer containing 1 mM EDTA, pH 7.8, passed through a 2-^.m filter, and stored at 4°C. After dialysis, xanthine oxidase was routinely monitored for trypsin-like activity by the pH STAT method using the substrate Afa-benzoyl-L-arginine ethyl ester.
14 Before use, xanthine oxidase was tested using the xanthine and xanthine oxidase femcytochrome C assay, 15 which is based on its ability to reduce cytochrome C. The amount of superoxide produced was calculated using the extinction coefficient (550 nm)=2.1xlO 4 -M" 1 • cm" 1 for reduced cytochrome C. In our system, 2-3 nmol OJ* were produced.
Serum-Free Incubation Medium
Medium was removed from vascular cell cultures, and the monolayer was rinsed twice with Hanks' balanced salt solution. Control cultures received HEPES-Tyrode buffer (pH 7.4) alone, consisting of 137 mM NaCl, 2.7 mM KC1,11.9 mM NaHCO 3 , 0.36 mM NaH 2 PO 4 , 2.0 mM CaCl 2 , 1.9 mM MgCl 2 , 5.5 mM glucose, 0.35% BSA, and 5 mM HEPES. Experimental treatments/agents were added to appropriate cultures and incubated in HEPES-Tyrode buffer, pH 7.4. This protocol was followed in all experiments.
In our experiments, HEPES-Tyrode buffer supported the growth of vascular cells for at least 24 hours at 37°C in a humidified atmosphere of 95% air/5% CO 2 . After 24 hours of incubation, vascular cells exhibited neither significant changes in morphology nor loss of viability when stained with Trypan Blue and fluorescein diacetate and did not cause a significant release of 51 Cr or LDH when compared with cells grown in serum-containing medium.
Determination of Sublethal Dosage of Xanthine and Xanthine Oxidase
After 15 minutes of exposure to 50 fiM xanthine and 75-100 mU xanthine oxidase in serum-free HEPES-Tyrode buffer, pH 7.4, followed by removal of the oxidant-generating system and a subsequent 24-hour postincubation in the same buffer, endothelial cells were assessed for oxidant-induced injury using the following end points: Trypan Blue dye exclusion, 16 51 Cr release, 17 inclusion of fluorescein diacetate, 18 LDH release, 19 and morphological integrity. We have defined sublethal doses of xanthine and xanthine oxidase as those that cause no significant differences in cell viability when compared with control cultures (incubated in HEPES-Tyrode alone).
Prostacyclin Release
HUVE cells were seeded into 12-well culture dishes (4.0 xlO 5 cells/well) as previously described. After treatment with oxidants, incubation medium was removed and assayed for PGI 2 release using an RIA for 6-keto-PGF la , the stable end product of PGL,. 20 
Platelet Adherence Assays: Rocking System
Human platelets were isolated from normal, healthy blood donors according to the method of Mustard et al. 21 Platelet adherence to HUVE cells was measured according to methods previously described. 22 ' 23 Briefly, control and injured HUVE cells were rinsed twice with Tyrode buffer, pH 7.4, to remove exogenous traces of oxidants before the addition of human thrombin, 0.5 units/ml, and 51 Crlabeled platelets. The positive control (maximum adherence) consisted of an empty plastic culture dish with thrombin-stimulated platelets; the negative control consisted of an empty dish with nonstimulated platelets. Platelets were added to control and oxidant-treated cells and incubated for 30 minutes at 37°C using a rocking platform. The monolayer containing platelets was rinsed twice after the 30-minute incubation to remove nonadherent platelets. The percentage of platelet adherence was calculated by dividing the adherent cell counts by the total counts (adherent plus nonadherent) times 100. Data are expressed as mean±SEM for each experimental and control group tested.
Statistics
Statistical significance of experimental results was determined using Student's t test for nonpaired comparisons. Control and corresponding test values were compared to calculate the sample t value. The t values were determined to be significant according to a standard t table. Levels of significance, p<0.05 and p<0.01, were assigned to those calculated t values that met the designated criteria.
Results
Development of Sublethal Oxidant Injury Model
Primary cultures of HUVE cells were exposed to xanthine and xanthine oxidase, a well-defined and characterized extracellular generating system for the production of O^' and/or H 2 O 2 . All experiments were executed in serum-free HEPES-Tyrode buffer, pH 7.4. Our designated criteria to signify sublethal injury was that no significant difference should exist between control and experimental cultures immediately after exposure to xanthine and xanthine oxidase, as well as after subsequent culture in serum-free incubation medium after removal of the generating system. HUVE cells were exposed to various concentrations of substrate (xanthine) and enzyme (xanthine oxidase) for varying periods of time, and then refed and incubated further. Cultures were then evaluated for viability/cytotoxicity. A 15-minute exposure to 50 /JM xanthine and 100 mU xanthine oxidase had no lethal effects on HUVE cells immediately after exposure, as well as at 24 hours after treatment. As shown in Figure 1 , no morphological change was observed between control ( Figure 1 , upper panel) and exposed ( Figure 1 , lower panel) cells that had been exposed to xanthine oxidase for 15 minutes. Evaluations were made after 24 hours after exposure with similar results. Trypan Blue dye exclusion assays indicated that 100% of control cultures and 99.9±0.17% of oxidantexposed cultures were viable after a 15-minute exposure to the generating system. When these same cells were evaluated after 24 hours of subsequent incubation in serum-free medium, the percent viability observed was 99.0±0.24% in control cells and 97.8±2.3% in oxidant-exposed cultures. When fluorescein diacetate inclusion was used as an index of viability, 100% of control and exposed cells were viable immediately after treatment, and 97.9±1.1% and 97.7±1.04%, respectively, were viable after further incubation for an additional 24 hours. 51 Cr release was not significantly changed between control cultures (1.9±0.27%) and oxidant-treated cultures (1.8±2.2%) after exposure and incubation, as was LDH release. Less than 1 IU/ml was released from both control and xanthine-and xanthine oxidase-exposed cells.
In each experiment, 50 j/M xanthine and 75-100 mU xanthine oxidase were tested before use and were used only when 2-3 nmol O^Vmin were produced.
Platelet Adherence to and Prostacyclin Release From Oxidant-Exposed Endothelium
The exposure of primary cultures of HUVE cells to a fixed concentration of xanthine and varying milliunits of xanthine oxidase resulted in an increase in adherence of platelets to the endothelial cell surface. As shown in Figure 2 , thrombin-stimulated platelets adhered to oxidant-treated endothelium in a dosagedependent manner. HUVE cells exposed to xanthine and to 2.5 mU xanthine oxidase resulted in a 22.0±5.0% platelet adherence to their surface; cells exposed to 25 mU had an adherence level of 32.0±8.0%, and cells exposed to 75 mU resulted in a 62.0±15% platelet adherence. When HUVE cells were exposed to xanthine and xanthine oxidase greater than 75 mU, no further increase in platelet adherence was observed.
Xanthine or xanthine oxidase treatment of endothelium alone had no significant effect on platelet adherence to the cell surface. Control cells had a percent platelet adherence level of 8.0 ±4.8; xanthine exposed cells, 9.7±3.0%; and xanthine oxidasetreated endothelium, 9.5 ±1.0%.
Sublethal oxidant exposure induced a dosage-dependent increase in PGI 2 release from primary V.
-'^^wm HUVE cells (Figure 3) . Again, PGI 2 release increased in relation to an increase in xanthine oxidase added to a fixed amount (50 /JM) of the substrate xanthine. An eightfold increase in the formation of 6-keto-PGF, a was observed at 2.5 and 25 mU xanthine oxidase, while a 12-fold increase occurred at 75 mU. Cells exposed to either xanthine or xanthine oxidase alone had no significant effect on PGI 2 release when compared with control cultures.
Addition of Antioxidant Scavenger Enzymes
Both SOD, the scavenger of O^"% and catalase, an enzyme scavenging H 2 O 2 , were effective in ameliorating increased platelet adherence to and PGI 2 release 
HEPES, N-2(hydroxyethyl)piperazine-N'-(2-ethanesulfonic acid).
from oxygen free radical-exposed endothelium. SOD alone ( Figure 4 ) was less effective in the reduction of platelet adherence than treatment of cells with catalase alone or SOD and catalase in combination. These data imply that two reactive oxygen species, OJ-and H 2 O 2 , are in part responsible for increased platelet adherence to xanthine-and xanthine oxidase-treated endothelium. Likewise, SOD and catalase in combination, when added to test systems were effective in the prevention of PGI 2 release from oxidant-exposed endothelium. The addition of 200 /ig/ml SOD and 50 Atg/ml catalase was effective in reducing PGI 2 release from 38.0 ±4.0 nM formation of 6-keto-PGF la (oxidant treated) to 6.0±0.02 nM 6-keto-PGF la (SOD/catalase). Control values were 3.0±0.2 nM 6-keto-PGFi,,. These data are shown in Figure 5 .
To exclude the possibility that the protective effects of scavenger enzymes might be attributable to nonspecific adsorption of proteins to endothelial cells, both SOD and catalase were tested after inactivation by H 2 O 2 at pH 10, and by H 2 O 2 and 3-amino-l,2,4-triazole, respectively. Before use in experiments, the inactivated SOD and catalase were tested for loss of activity by conventional biochemical assays to measure SOD and catalase. In additional experiments, BSA, which is similar in size to SOD, was also added. In these studies, HUVE cells were treated concomitantly with the oxidant-generating system and/or inactivated enzymes and proteins. The addition of inactivated SOD and catalase as well as BSA was ineffective in restoring either platelet adherence or PGI 2 release to that of control cultures (data not shown).
Addition of Exogenous Prostacyclin to Test System
If the increase in platelet adherence observed after sublethal exposure of the endothelium to the oxidant-generating system, xanthine and xanthine oxidase, was due to the inability of the injured endothelial cells to produce or release PGI 2 in response to contact with thrombin-stimulated platelets, then the addition of exogenous PGI 2 to the incubation system should have restored platelet adherence to that of control values. We observed (Figure 6 ) that the addition of 150 nM PGI 2 to the test system resulted in decreased adherence to oxidant-exposed endothelium, but the values did not approach those of control cells. These data suggest that an absence of PGI 2 is not the sole factor mediating increased platelet adherence observed in oxidant-exposed endothelium.
Discussion
The concept that the vascular endothelium may become dysfunctional has important implications for the development of vascular lesions and thrombotic complications. Such dysfunction might be localized or generalized, transient or permanent, specific as to the involvement of the size and type of blood vessel, multifactorial as to its origin (i.e., drug effect, metabolic, immunologic, postinjury, or genetic), and whether the defect is limited to a specific endothelial function (i.e., thrombomodulin activity) or whether it may involve all endothelial properties. A critical consideration relates to the reversibility of the dysfunction and whether normal endothelial function can be restored once a dysfunctional state has developed. In the present study, we have used a nonlethal and reversible endothelial injury system based on the generation of oxygen free radicals that exhibited an abnormal platelet adherence pattern and caused PGI 2 to be released from cultured HUVE cells. Increasing evidence has accumulated suggesting that oxygen free radicals are generated in cells and tissue and are important mediators of pathological lesions. Oxygen free radicals have been implicated in postischemic reperfusion damage in a variety of tissues, including the heart, lung, and brain. 24 In these tissues, the intravascular administration of free radicalscavenger enzymes has prevented reperfusion injury, providing indirect evidence that free-radical genera- tion was involved in the reperfusion injury. In a recent study, electron paramagnetic resonance techniques were applied to determine whether cultured fetal bovine aortic endothelial cells would intrinsically generate oxygen free radicals when subjected to anoxia and reoxygenation. 25 These measurements demonstrated that endothelial cells are potent sources of the reactive C v and OH-free radicals. The free-radical generation was shown to cause cell injury and death, and xanthine oxidase was demonstrated to be the source of most of the free-radical generation.
A 12-fold increase in PGI 2 release resulted from a 15-minute treatment of the cultured endothelial cells with xanthine and xanthine oxidase. Coincident with this effect was an increase in thrombin-induced platelet adherence to the endothelial monolayer. Importantly, addition of exogenous PGI 2 did not restore platelet adherence to normal. In earlier studies, removal of PGI 2 from the endothelium by treatment with aspirin was associated with an increase in thrombin-induced platelet adherence. In contrast to the results in the present study, exogenous PGI 2 restored the platelet adherence to normal. The consideration that part of the increased platelet adherence might be due to the loss of the endotheliumdependent relaxing factor (EDRF) is a possibility. EDRF, identified to be nitric oxide, is produced by vascular endothelium and is a potent inhibitor of platelet adherence and aggregation. 26 EDRF has a very short half-life, ranging from 6 to 30 seconds, and its activity is destroyed by OJ-. 27 In related studies that evaluated the role of EDRF in platelet adherence, however, we found that the addition of exogenous PGI 2 , at a concentration of 150 nM, completely prevented the increased platelet adherence due to the lack of EDRF (G.L. Fry et al, unpublished observations).
Employment of oxygen-radical scavengers largely prevented the nonlethal injury to the cultured endothelial cells and the alterations in endothelial function. These results support the belief that the effects were mediated by generation of free radicals.
It is not known how widespread the effects of the nonlethal oxidant injury might be on overall endothelial function. In recent parallel studies using the xanthine and xanthine oxidase system with cultured human vascular endothelium, we have found a significant increase in the synthesis and release of tissue plasminogen activator. 28 Changes in fibrinolytic activity were also observed when cultured endothelial cells from bovine pulmonary artery and bovine lung microvessels were subjected to hypoxia. 29 Both cell types reacted with an increase in plasminogen activator inhibitor activity and a decrease in the plasmin- ogen activator activity in the media after incubation under anoxic conditions. It appears reasonable to assume that the potential exists for various types of endothelial injury, much of which may be nonlethal and transient, to cause endothelial dysfunction. As evidence accumulates to demonstrate the multifunctional antithrombotic properties of the vascular endothelium, transient dysfunction of one or more of these protective mechanisms may predispose the involved vasculature to thrombus formation. Thus, it is appropriate and timely to evaluate these possibilities.
